or Ms 8.0) triggered hundreds of thousands of landslides. Mapping such a large number of landslides is a major task, considering the large size of the affected area and the availability of pre-and postearthquake remote sensing images. This paper compares three (nearly) complete landslide inventories that were compiled from visual image interpretation. The three inventories differ in the manner in which the landslides are represented, either as polygons, centroid points, or top points. Landslides in the three inventories use one-toone correspondence. Each of the three inventories includes a large proportion of the 197,481 landslides triggered by the earthquake. These landslides were delineated as individual solid polygons and points using visual interpretation of high-resolution aerial photographs and satellite images acquired following the earthquake and verified by selected field checking throughout a broad area of approximately 110,000km 2 . These landslides cover a total area of approximately 1,160km 2 . Based on the inventories of landslide polygons and landslide centroid points, two types of density maps were constructed. Correlations of landslide occurrence with seismic, geologic, and topographic parameters were analyzed using the three landslide inventories. Statistical analysis of their spatial distribution was performed using both the landslide area percentage (LAP), defined as the percentage of the area affected by the landslides and the landslide number density (LND), defined as the number of landslides per square kilometer. There are two types of LNDs: the LND-centroid (based on the centroid point of the landslide) and the LND-top (based on the top point of the landslide). We used the three indexes to determine how the occurrence of the landslides correlates with elevation, slope angle, slope aspect, slope position, slope curvature, lithology, distance from the epicenter, seismic intensity, distance from the Yingxiu-Beichuan surface fault rupture, peak ground acceleration (PGA), and coseismic surface displacements (including horizontal, vertical, and total displacements). Both the LAP and the two types of LND values were observed to have continuous positive or negative correlations with the slope angle, slope curvature, distance from the epicenter and from the Yingxiu-Beichuan surface fault rupture, seismic intensity, and coseismic surface displacement. In addition, the highest values of the LAP and LND values appear at ranges from 1,200 to 3,000m in elevation. Moreover, the landslides have preferred orientations, dominated by the eastern, southeastern, and southern directions. In addition, the sandstone, siltstone (Z), and granitic rocks experienced more concentrated landslides. No obvious correlations were observed between the LAP and LND values and slope position. Finally, we studied the orders of eight earthquake-triggered landslide impact factor effect on landslide occurrence.
Introduction
The landslides triggered by the 2008 Wenchuan earthquake have received much attention in recent years due to the size of the event and the resulting tragic loss of life and economic devastation. Correlating landslide occurrence with controlling parameters is important for understanding the spatial distribution of earthquake-triggered landslides. It is important to understand what areas are most likely to experience landsliding in future earthquakes. A detailed, comprehensive, and accurate earthquake-triggered landslide inventory is an essential part of improving the understanding of seismic landslide hazard analysis (e.g., Keefer 2002; Harp et al. 2011a; Guzzetti et al. 2012) . After the 2008 Wenchuan earthquake, some landslide inventories were compiled (e.g., Dai et al. 2011; Xu et al. 2009a; Gorum et al. 2011; Huang and Li 2009; Parker et al. 2011; Chigira et al. 2010; Yin et al. 2010a; Qi et al. 2010; Li et al. 2009; Han et al. 2009; Di et al. 2010; Chen et al. 2009; Ren and Lin 2010; Zhang et al. 2010) , and correlations of landslide occurrence with geologic and geomorphologic conditions as well as seismic parameters were constructed. However, almost all of the inventories are either incomplete or only record landslide locations; no landslide inventories are comprehensive considering the following seismic landslide mapping criteria: (1) coverage of the entire area affected by landslides, (2) inclusion of all landslides down to a small enough scale, and (3) depiction of landslides as polygons rather than points (Harp et al. 2011a) . Therefore, in this paper, three (nearly) complete landslide inventories were compiled for a detailed and objective spatial distribution statistical analysis of the landslides triggered by the 2008 Wenchuan earthquake.
Concerning single earthquake events, most studies have focused on compiling landslide inventories, scenario-based analysis, and finding general correlations of landslide occurrence with various landslide-controlling parameters, such as the slope gradient, distance from the earthquake source, geologic units, and slope aspect. The analysis of earthquake-triggered landslide inventories was initiated by Keefer (1984) who performed a statistical analysis The 21 September 1999, Mw 7.5 Chi-chi earthquake in Taiwan resulted in a landslide inventory map that is comprised of 9,272 landslides interpreted from SPOT images (Liao and Lee 2000; Liao et al. 2002) . Furthermore, this inventory has also been used extensively to compare various landslide controlling factors with the landslide distribution (Weissel and Stark 2001; Wang et al. 2003; Lin and Tung 2004; Lee et al. 2008; Khazai and Sitar 2004) and geomorphology evolution in a part of the earthquake-affected area (Dadson et al. 2003 (Dadson et al. , 2004 (Dadson et al. , 2005 Hovius et al. 2009 Hovius et al. , 2011 Harp et al. 2011a; Wasowski et al. 2011 ). In addition, Wang et al. (2002) reported the numbers of landslides to be approximately 26,000 (Wasowski et al. 2011 ) when landslides of smaller size are included.
There are several papers on the October 8, 2005 Mw 7.6 Kashmir earthquake-triggered landslides. Das et al. (2007) performed a rapid analysis of earthquake-triggered landslide spatial patterns using satellite data, and the results highlighted a trend in landslide zones in the NW-SE direction, mostly affecting the southeast-facing slopes. Kamp et al. (2008) identified 2,252 landslides triggered by the earthquake and analyzed the correlations between landslides and lithology, faults, slope gradient, slope aspect, elevation, land cover, rivers, and roads. Sato et al. (2007) interpreted 2,424 landslides triggered by the earthquake using SPOT 5 stereo images. The landslide distribution indicated that most of the landslides occurred along the seismogenic fault, concentrated on the hanging wall. Owen et al. (2008) reported that earthquake-triggered landslides concentrated in specific zones were associated with the lithology, tectonic, geomorphology, and topography as well as with human activities.
For the October 23, 2004 Mid-Niigata earthquake-triggered landslides, Yamagishi and Iwahashi (2007) mapped approximately 3,500 landslides triggered by the July 13, 2004 heavy rainfalls and 4,400 landslides triggered by the earthquake. These authors provided a comparison of the distribution of features between these landslides and compared the correlations between landslide spatial distribution and lithology, curvatures, and slope gradient. Chigira and Yagi (2006) mapped approximately 1,000 landslides by field investigation and aerial photograph interpretation and analyzed the geological and geomorphologic characteristics of the landslides. Sato et al. (2005) identified 1,353 individual landslides triggered by the earthquake as single polygons and overlaid the landslides on the earthquake source, and geological and topographical data to determine the characteristics of the landslide distribution triggered by the earthquake. Wang et al. (2007) mapped 1,212 landslides triggered by the earthquake in a selected landslide intensity square area near the epicenter and provided useful insights into the correlations between the earthquake-triggered landslides and the geology, slope gradient, and earthquake shaking.
In addition, Fukuoka et al. (1997) mapped 674 landslides triggered by the 17 January 1995 Hyogo-ken earthquake (Ms 7.2 or Mw 6.9) within an area of approximately 700 km 2 . These researchers revealed an attenuation trend between the landslide frequency and distance from the assumed fault rupture zone. Marzorati et al. (2002) mapped approximately 200 landslides triggered by the 26 September 1997 Umbria-Marche earthquake using a set of aerial photographs and field surveys. These authors analyzed the correlation between the landslides and environmental and seismic factors such as the distance from epicenter, peak ground acceleration (PGA), and slope gradient. Other inventories of landslides triggered by earthquakes occurring between the January 17, 1994 Mw 6.7 Northridge earthquake and the 2008 Wenchuan earthquake were also prepared, such as for the July 16, 2007 Mw 6.6 Niigata Chuetsu-Oki earthquake (Collins et al. 2012) , the January 21, 2003 Mw 7.6 Tecomán, Mexico earthquake (Keefer et al. 2006) , and the 2007 Aysén Fjord earthquake (Sepúlveda et al. 2010) .
After the 2008 Wenchuan earthquake, several inventories of coseismic landslides were compiled. These events include the April 14, 2010 Mw 6.9 Yushu earthquake of China, the January 12, 2010 Mw 7.0 Haiti earthquake, the June 14, 2008 Iwate-Miyagi Nairiku earthquake, and the May 11, 2011 Mw 5.1 Lorca, SE Spain earthquake. In total, 282 landslides were triggered by the Yushu earthquake according to a post-earthquake emergency investigation (Yin et al. 2010b) . A detailed inventory revealed that 2,036 landslides were delineated from high-resolution aerial photographs and satellite Original Paper Landslides 11 & (2014) images, which were verified by selected field checking (Xu et al. , 2013a . Similarly, some inventories of landslides triggered by the Haiti earthquake were also constructed for coseismic landslide spatial distribution analysis and hazard analysis Gorum et al. 2013; Harp et al. 2011b ). The June 14, 2008 Iwate-Miyagi Nairiku earthquake triggered at least 4,161 landslides (Yagi et al. 2009 ), and the May 11, 2011 Mw 5.1 Lorca, SE Spain earthquake triggered more than 250 landslides (Alfaro et al. 2012) .
In the following text, three (nearly) complete inventories of landslides triggered by the 2008 Wenchuan earthquake will be introduced in detail. The spatial distribution of the landslides triggered by the earthquake was obtained by correlating the landslide area percentage (LAP), landslide number density (LND)-centroid, and LNDtop with the impact factors that control earthquake-triggered landslide occurrence. These factors include the elevation, slope angle, slope aspect, slope curvature, slope position, lithology, distance from epicenter, distance from the Yingxiu-Beichuan surface fault rupture, PGA, seismic intensity, and coseismic surface displacement (horizontal, vertical, and total displacements). Furthermore, the effects of eight impact factors on landslide occurrence were compared using a bivariate statistical method. The Ms 8.0 Wenchuan earthquake occurred in the Longmenshan mountain range, an area that is deforming because of the collision between the Indian plate and the Eurasian plate. The Indian plate has been moving northward, resulting in an uplift of the Tibetan Plateau. The deformation has also resulted in the extrusion of crustal material from the high Tibetan Plateau in the west against the strong crustal material of the Sichuan Basin, which is a part of the Yangtze block (Xu et al. 2008a ). The Ms 8.0 Wenchuan earthquake ruptured two large thrust faults along the Longmenshan thrust belt at the eastern margin of the Tibetan Plateau. This earthquake produced a 240-km-long surface rupture zone along the Yingxiu-Beichuan fault characterized by right-lateral oblique faulting and a 72-km-long surface rupture zone along the Guanxian-Jiangyou fault characterized by dip-slip reverse faulting (Xu et al. 2008b; Xu et al. 2009b Xu et al. , 2009c . In addition, a 6-km-long NW-trending surface rupture with reverse and left-slip components was also observed (Fig. 1) . Figure 2 shows the spatial coverage of the remote sensing images collected for landslide visual interpretation. We collected 86 images pre-and post-earthquake: 63 images representing the preearthquake and 23 images associated with the post-earthquake. The post-earthquake images include aerial photographs acquired at 1-m, 2-m, 2.4-m, and 5-m resolutions, SPOT 5 with 2.5-m resolution, CBERS02B with 19.5-m resolution, IKONOS with 1-m resolution, ASTER with 15-m resolution, IRS-P5 with 2.5-m resolution, QuickBird with 0.6-and 2.4-m resolutions, and ALOS with 2.5-m resolution (Table 1) . A few hundred landslides occurred in areas lacking clear images, and these were delineated from the visual interpretation of images post-earthquake on the Google Earth platform. The pre-earthquake images consisted of SPOT 5 with 2.5-m resolution covering some parts of the approximate distribution area of the landslides and ETM+ with 15-m resolution throughout the entire approximate landslide area (Table 1) .
Mapping of landslides triggered by the earthquake
A detailed and accurate landslide inventory is an essential component of seismic landslide hazard analyses (e.g., Xu et al. , 2012d Xu et al. , 2012e, 2012f, 2013b Xu et al. , 2013c and spatial distribution statistical analyses (e.g., Xu 2012b, 2013; Dai et al. 2011; Gorum et al. 2011 Gorum et al. , 2013 Harp et al. 2011a ). Harp et al. (2011a) considered an ideal inventory as one covering the entire area affected by an earthquake, including all the landslides that are detectable down to a size of 1-5 m in length, with the landslides being accurately located and mapped as polygons depicting their true shapes. Such mapped landslide distributions can then be used to perform seismic landslide hazard analysis and other quantitative analyses.
Because of the large area throughout which the Wenchuan earthquake triggered landslides, it is impossible to perform detailed field mapping on every landslide. Instead, the location and boundary of each landslide was delineated by computer screen-based visual interpretation of high-resolution color aerial photographs and satellite remote sensing images, and some landslides were verified by field checking. Due to the high resolution of the true color aerial photographs and satellite remote sensing images, almost all the Wenchuan earthquake-triggered landslides, including the small slope failures, were detected. A spatial distribution map of the earthquake-triggered landslides was prepared in a GIS platform. Up to 197,481 landslides triggered by the earthquake were delineated as individual solid polygons. Furthermore, two types of landslide point inventories were constructed, including landslide centroid points similar to Dai et al. (2011) and landslide top points similar to Qi et al. (2010) and Gorum et al. (2011) . Therefore, we compiled three (nearly) complete inventories of landslides triggered by the 2008 Wenchuan earthquake on a GIS platform. As demonstrated in Fig. 1 , the results indicate that the earthquake triggered 197,481 landslides throughout an approximately limited area of more than 110,000 km 2 . The total surface area of these landslides was approximately 1,160 km 2 . According to the empirical relationship between the total area affected by landslides and the Richter earthquake magnitude (Keefer 1984; Rodriguez et al. 1999) , an earthquake in Ms 8.0 corresponds to approximately 100,000 km 2 of the upper limit landslide-affected area value. Therefore, the 2008 Ms 8.0 Wenchuan earthquake was slightly beyond the upper band of this prediction.
In the approximately limited area but far away from the Yingxiu-Beichuan fault, there are a few landslides and a lack of high-resolution satellite images. The landslides that occurred in these areas were too small and rare to identify objectively. Therefore, we selected a smaller area than the approximate limited area of the landslides around the coseismic surface fault ruptures as the study area ( Landslide size and landslide density maps
Landslide size
The relationship of the cumulative landslide number and the landslide area related to the 2008 Wenchuan earthquake can be represented as the logarithm of the number N of landslides exceeding a given area A and is linearly related to the area as described in Formula 1:
where N(A) represents the cumulative number of landslides which area is larger than or equal to A, and a and b are constants. As A is measured on a logarithmic scale, this relationship is a straight line on a "lg to lg" scale. In Fig. 3 , the cumulative number of landslides is plotted as a function of area. Landslides with areas between 10,000 and 1,000,000 m 2 are defined by the equation lg N ¼ À2:0745A þ 13, with R 2 00.9931. For small areas, the curve bends toward the horizontal, as small landslides would overlap with large landslides, or perhaps, it is more difficult to obtain a detailed sample for small landslides. Figure 4 presents the landslide area and LND grid cell maps related to the Wenchuan earthquake. The landslide area and number density (centroid) maps were produced in 1 km×1 km calculation windows for the study area. Figure 4a indicates that the maximum landside density of LAP is 100 %, and Fig. 4b indicates that the largest LND value is 281 landslides/km 2 , demonstrating a dense landslide distribution. This figure also reveals that the landslides were primarily concentrated along the Yingxiu-Beichuan surface fault rupture, and most of the landslides occurred on the hanging wall. The highest landslide density area appears in areas near the Yingxiu-Beichuan fault on the hanging wall of the southwest segment (from Yingxiu Town to Beichuan County) of the Yingxiu-Beichuan fault.
Landslide density maps
Furthermore, correlations between the area distribution and LAP and LND were also constructed. Table 2 provides detailed data on the classes of LAP and LND (centroid) and the area distribution. Figure 5 presents the correlation curves of LAP and LND (centroid) with area distribution. According to Fig. 5a , the area-LAP relationship for the landslides triggered by the Wenchuan earthquake can be represented by y061918e
, R 2 00.9725, where y is the area and x is the LAP value. For the LND values (Fig. 5b) , there is no data for the ranks of 240-270 (class 10); thus, the mathematical relationship is not obvious. However, we observe that there is a power relationship between the area, and the LAP and LND (Fig. 5b, between classes 1 and 9) values.
Spatial analysis of landslides with controlling parameters Multivariate statistical methods (e.g., logistic regression, artificial neural network, and support vector machine) are time-consuming and require complex calculations. These methods are not suitable for large areas such as the 2008 Wenchuan earthquake-triggered landslide affected area. Therefore, the bivariate statistics method was selected in this study. However, multivariate statistical methods are more advanced than the bivariate statistical method for factors that are conditionally independent of one another (Xu et al. 2013b ). The Wenchuan earthquake provides a good opportunity to study the distribution and effects of landslides triggered by earthquakes on a thrust-strike fault.
Landslide occurrence in an earthquake-struck area is a function of various internal and external dynamic impact factors (Dai et al. 2011) , such as slope angle, slope aspect, lithology, distance from the earthquake source, PGA, and coseismic surface displacement. The following correlation analysis of the landslide distribution was performed for the 196,007 landslides triggered by the Wenchuan earthquake, using three indexes of one type of LAP and two types of LND (LND-centroid and LND-top). In the LND analysis, the centroid of the landslides was used to represent the corresponding landslides. These values were extracted from the landslide polygons using the same procedure as Dai et al. (2011) , in which no weight is assigned to account for differences in landslide volumes. Furthermore, another inventory of landslide points, identified by the top position of the landslide scar, similar to the procedure used by Qi et al. (2010) and Gorum et al. (2011) , is also plotted for further LND analysis.
The analysis was performed using the digital geological map compiled from 1:200,000 scale standard geological maps (from China Geological Survey Bureau) and digital topographical maps with a scale of 1:50,000 (from the National Administration of Surveying, Mapping and Geoinformation). The digital elevation model (DEM) has a resolution of 20 m×20 m and is constructed by implementation of 1:50,000 scaled topographical map contour lines, contour points, and drainages using GIS software. Some topographical, geological, and seismic parameters, including elevation, slope angle, slope aspect, slope position, slope curvature, lithology, distance from the epicenter, seismic intensity, distance from the Yingxiu-Beichuan surface fault rupture, PGA, and coseismic surface displacements (horizontal, vertical, and total displacements) were selected for the following landslide spatial analysis.
Correlations with topographical parameters
Five topographical parameters, elevation, slope angle, slope aspect, slope curvature, and slope position, were used for correlation with landslide occurrence. The respective classifications of the five layers are indicated below Figs. 6 and 7. Figure 6a presents the LAP, LND-centroid, and LND-top values in relation to the elevation. Area distributions of the 24 elevation classifications are also presented in Fig. 6a . The highest LAP, LND-centroid, and LND-top values are observed to occur at elevations from 1,200 to 3,000 m (classes 5-13). For a landslide, the elevation of the top point is higher than that of the centroid point. Therefore, compared with the curve of LND-centroid values, the curve of the LND-top values is at higher elevation. The slope angle, slope aspect, and slope curvature were extracted based on the DEM at 20 m×20 m resolution. The slope angle was reclassified at intervals of 5°. The slope angle is known to have a significant effect on landslide occurrence. Steeper and higher slopes have higher susceptibility for landslide occurrence, even when the slope failure is not triggered by an earthquake. As demonstrated in Fig. 6b , both the LAP and LND values generally increase with the slope angle, but slopes exceeding 35°(classes 8-13) are more susceptible to landsliding. Furthermore, the area distributions of the 13 slope angle classifications are also presented in Fig. 6b . The largest area is distributed from 30 to 40°(classes 7 and 8). In addition, Fig. 6b also demonstrates that the curve of the LND-centroid values has higher slope angle. In other words, the LND-centroid values of those slopes exceeding 40°(classes 9-13) are higher than the LND-top values. This result implies that part of the landslides occurred on the mountain peak. Although the elevation of these locations is higher, the slope angle is relatively low. The highest LAP and LND values are also observed for such slopes exceeding a 60°angle (class 13). The LAP and LND values are as high as 17.871 %, and 15.510 and 13.598 landslides/km 2 , respectively, as the slope angle exceeds 60°.
The slope aspect is defined as the direction of the maximum slope of the terrain surface and is related to factors such as exposure to sunlight, drying winds, rainfall (degree of saturation), and discontinuities, which may control landslide occurrence (Yalcin 2008) . The slope aspect may also have an effect on landsliding because it is related to factors such as directional PGAs (Dai et al. 2011 ). In addition, the slope aspect of landslide occurrence is perhaps affected by the slipping orientations of the seismogenic fault. The slope aspect was divided into nine classes for the study, including flat, N, NE, E, SE, S, SW, W, and NW. Area distributions of the nine slope aspect classifications are presented in Fig. 6c . The figure also indicates that the eastern, southeastern, and southern directions (classes 4, 5, and 6) were the preferred orientations of landslide-occurring slopes. The main direction roughly corresponded to the thrust direction of the hanging wall. A significant effect of the direction of the hanging wall thrust movement and the seismic wave propagation was observed.
Slope position could also be a controlling factor of landslide occurrence. Landscapes can be classified into discrete slope positions, including ridge, upper slope, middle slope, flat slope, lower slope, and valley (Weiss 2006) . The slope position layer is also extracted from DEM at 20 m×20 m resolution based on the GIS platform. Area distributions of the six slope position classifications are presented in Fig. 6d . Both the LAP and LND values (Fig. 6d ) exhibit obscure correlations with slope position. Perhaps the reason for these obscure correlations is that two contradictory parameters, seismic wave amplification and distance from drainages, affect landslide occurrence. The undercutting action of the river may trigger instability of the slopes. Thus, the distance of a landslide from drainages was considered as a controlling factor of earthquake-triggered landslides. The slope position effect on landslide occurrence is based on other factors. Perhaps different basin evolution stages have different slope position effects. Even so, the flat slope class (class 4) occupies the special lowest LAP and LND values.
In terms of the slope curvature, negative curvatures represent concave surfaces, a zero curvature represents a flat surface, and positive curvatures represent convex surfaces (Pradhan et al. 2010) . The classifications of slope curvature are presented in Fig. 7 . Area distributions of the 12 slope curvature classifications are presented in Fig. 7a . Correlations between this classification and the LAP, LND-centroid, and LND-top values are also displayed in Fig. 7a . As the slope curvature values move further away from zero, the susceptibility to landsliding is observed to increase. Rugged slope (both concave and convex slopes) failures occur during strong ground shocking. This interesting phenomenon has received little attention in earthquake-triggered landslide spatial distribution statistical analysis. Another phenomenon is of interest, which involves the higher LND-centroid values compared with the LND-top values for concave slopes (classes 1-6). In turn, for convex slopes, the LND-top values are higher than the LNDcentroid values (classes 9-12). In our opinion, the top point of a landslide tends to be on a mountain peak, which represents a convex slope. Therefore, the curve of LND-top values tends to have positive curvatures. Figure 7b presents another classification for slope curvature. Absolute values of the curvature were used in Fig. 6 Relationships between landslide occurrence and topographic parameters. a Elevation: 1 <600 m, 2 600-800 m, 3 800-1,000 m, 4 1,000-1,200 m, 5 1,200-1,400 m, 6 1,400-1,600 m, 7 1,600-1,800 m, 8 1,800-2,000 m, 9 2,000-2,200 m, 10 2,200-2,400 m, 11 2,400-2,600 m, 12 2,600-2,800 m, 13 2,800-3,000 m, 14 3,000-3,200 m, 
Correlation with lithology
To investigate the relationship between lithology and landslides, a geological map on a scale of 1:200,000 from China Geological Survey was used to provide information on lithology of the study area. Lithology is widely recognized to play an important role in determining landslide hazard because different geological units have different susceptibilities to landslide occurrence, even when the slope failure is not triggered by an earthquake. Lithological and structural variations often lead to a difference in the strength and permeability of rocks and soils. In the study area, the lithology was divided into 20 categories (as indicated in Table 3 ). Area distributions of the 20 lithology classifications are presented in Fig. 8 . The lithology map in vector format was converted into raster format at 20 m×20 m resolution using GIS software. As demonstrated by the LAP and LND values in Fig. 8 
Correlations with seismic parameters
The correlations between landslide occurrences and earthquakes were investigated using five different seismic parameters: (1) distance from coseismic fault ruptures (Xu et al. 2008b (Xu et al. , 2009b (Xu et al. , 2009c , (2) distance from the epicenter, (3) PGA, (4) seismic intensity, and (5) coseismic horizontal surface displacement, coseismic vertical surface displacement, and coseismic total surface displacement (De Michele et al. 2010; Wang et al. 2011; Shen et al. 2009 ). According to the empirical relationships between maximum epicentral distance, maximum distance to fault plane projection, and Richter earthquake magnitude (Keefer 1984; Rodriguez et al. 1999 ), a Ms 8.0 earthquake corresponds to approximately 400 km for the upper limits of both the maximum epicentral distance and maximum distance to the fault plane projection. Therefore, the maximum epicentral distance (approximately 400 km) related to the 2008 Ms 8.0 Wenchuan earthquake is equal to the upper value from the statistical result using other earthquake cases from Keefer (1984) and Rodriguez et al. (1999) . The maximum distance to the fault plane projection (approximately 200 km) related to the 2008 Ms 8.0 Wenchuan earthquake is less than the upper value from the statistical result using other earthquake cases from Keefer (1984) and Rodriguez et al. (1999) .
In general, there was a good correlation between the distance from the main surface ruptures and the spatial distribution patterns of earthquake-triggered landslide. The Yingxiu-Beichuan fault rupture, the major surface rupture, was used to construct the correlation between landslide occurrences and the major surface. For the distance from the surface fault rupture, compared with the buffer distance of epicenter, a lower buffer distance of 2 km was selected to construct the buffer map (Fig. 9a) . There are 48 classes of distance from the Yingxiu-Beichuan fault on a hanging wall and 22 classes on a footwall. Area distributions for classifications of distance from the main surface fault rupture are indicated in Fig. 10a and b, respectively. In addition, Fig. 10a illustrates the variations of the LAP and LND values with distance from the Yingxiu-Beichuan fault. As demonstrated in Fig. 10a , the highest LAP and LND values are adjacent to the fault, with values decreasing rapidly as the distance is increased. The LAP and the two types of LND values are as high as 10.261 %, and 17.645 and 17.579 landslides/km 2 , respectively, within 2 km of the Yingxiu- Fig. 8 Relationships between landslide occurrence and lithology. 1 Unconsolidated deposits (Q), 2 conglomerate, sandstone, siltstone, shale, and mudstone (K~N), 3 sandstone and siltstone interbedded with shale, claystone, and siltstone intercalated with sandstone, conglomerate (J), 4 limestone (T), 5 sandstone, siltstone interbedded with phyllite, shale, mudstone, phyllite, and siltstone (T), 6 limestone and shale (P), 7 limestone (P), 8 limestone, phyllite, and basalt (C-P), 9 limestone (C), 10 limestone, Beichuan surface fault rupture. Landslides at distances greater than 30 km were rare. In addition, to compare the differences of the LAN and LND values for the hanging wall and the footwall, the LAP and LND values were calculated for both sides of the Yingxiu-Beichuan surface fault rupture (Fig. 10b) . Most of the landslides (146,708 landslides, 74.86 % of the total landslide number, and these landslides composed an area of 924.089 km 2 , 80.31 % of the total landslide area) occurred on the hanging wall. Similar to our previous statistical results (Dai et al. 2011) , the landslides were concentrated on the hanging wall of the Yingxiu-Beichuan surface fault rupture. The highest LAP and LND values occurred along the rupture on both the hanging wall and the footwall. The LAP and LND values were as high as 13.391 %, and 22.117 and 22.117 landslides/km 2 , respectively, within 2 km of the fault rupture on the hanging wall. On the footwall, within 2 km of the fault rupture, these values were 7.106 %, and 13.136 and 13.005 landslides/km 2 , respectively. Furthermore, the LAP and the two LND values decreased rapidly as the distances increased for both the hanging wall and the footwall. In summary, the LAP and two LND values exhibit strong correlations with distance from the YingxiuBeichuan surface fault ruptures.
As indicated in a previous paper (Dai et al. 2011) , the correlation between landslide occurrence and distance from the epicenter is complicated; nevertheless, there is a lack of landslide data near the epicenter. In this paper, the LAP and LND values were determined for a sequence of 5-km-wide concentric bands extending outward from the source (Fig. 9b) . The outer bands were truncated where they intersected the study area boundary. There are 60 classes of distance from the epicenter. Figure 11a illustrates the In general, there was a good correlation between the distribution of earthquake-triggered landslides and ground shaking. The US Geological Survey (2008) created a PGA map based on the peak ground motion amplitudes recorded on seismic sensors (accelerometers), with interpolation based on both estimated amplitudes where data are lacking, and site amplification corrections (Dai et al. 2011 ). Most of the study area experienced high levels of ground shaking during the Wenchuan earthquake. A regional contour map of PGA from USGS (2008) indicated PGA values from 0.12 to 1.30 g in the study area (Fig. 9c) . There are 31 classes of PGA values (as shown in Fig. 11 ). Figure 11b illustrates the correlations of the LAP and two LND values with PGA. In addition, the area distribution of the 31 PGA classes is also presented in Fig. 11b . (Fig. 11b) . The LAP and LND values increase rapidly with an increase in the PGA values within the range of 0.12-0.84 g. Abnormal slightly higher LAP and LND values are observed at 0.68 g (class 15) for the PGA. We can conclude that the LAP and LND values increase with increasing PGA values.
The seismic intensity map was produced by the China Earthquake Administration (CEA) (Fig. 9d) , and the classes of seismic intensity in the study area include VII, VIII, IX, X, and XI. Figure 11c presents the variations of the LAP and LND values with the seismic intensity and the area distributions of the VII, VIII, IX, X, and XI intensity zones. As expected, both the LAP and two LND values increase as the seismic intensity grades increase, with the highest values occurring where the seismic intensity is XI. The LAP and two LND values are as high as 17.852 %, and 28.487 and 28.489 landslides/ km 2 , respectively, within the XI intensity district (Fig. 11c) . Synthetic aperture radar (SAR) technology provides us with a good opportunity to determine the correlation between landslide occurrence and coseismic surface displacement. De Michele et al. (2010) combined C-and L-band SAR offset data from ascending and descending tracks to invert the 3-D surface displacement in the near coseismic field of the Wenchuan earthquake. Their data, coupled with a simple elastic dislocation model, provide new results that strongly suggest the presence of a blind thrust striking along the range front and being active at depths during the earthquake. Furthermore, Wang et al. (2011) produced 38 stations of continuous GPS data, 435 sites of campaign GPS data, and 33 sites of triangulation sites, resurveyed with GPS after the earthquake. In addition, Shen et al. (2009) is interpolated using the GPS data from Wang et al. (2011) and Shen et al. (2009) . Then, three surface displacement (horizontal, vertical, and total) grid layers with 20 m×20 m resolution were constructed in the ArcGIS platform. The classes of each layer are listed in Fig. 13 . The classification maps of surface displacement are presented in Fig. 12a , b, and c. Figure 13a , b, and c show the LAP and two LND values for the three surface displacement (horizontal, vertical, and total) values and the area distribution of the classes of the three surface displacement layers. Both of these figures reveal a general correlation that the LAP and two LND values increase with increasing coseismic surface displacement. However, several abnormal LAP and LND values are observed in the classes where the surface displacements exceed 3 m (classes after 12). We consider the main reason for these abnormalities to be the small area covered by these classes. For the other cases, it appears that surface displacement exceeding 3 m is sufficient to trigger landslides, and other factors may control landslide distribution in areas suffering high surface displacement.
Comparison of the effect of eight impact factors on landslides A bivariate statistical method was selected to compare the effect of eight impact factors on landslide occurrence. Eight impact factors including slope angle, slope curvature, lithology, distance from the epicenter, distance from the Yingxiu-Beichuan surface fault rupture, PGA, seismic intensity, and coseismic surface displacement were selected as the objects for comparison. We assume that the eight factors are conditionally independent of one another for earthquake-triggered landslides. Descending (landslide occurrence) cumulative curves of the cumulative percentage area of ranks and the percentage of landslide occurrence (measured by one LAP and two LNDs) were constructed. As described above, there were continuous positive or negative correlations between earthquake-triggered landslide occurrence and controlling factors, including slope angle, slope curvature, distance from the epicenter, distance from the Yingxiu-Beichuan surface fault rupture, PGA, seismic intensity, and coseismic surface displacement. Therefore, the cumulative curves of these factors are constructed from ranks of the highest effect on landslide occurrence for the eight factors. These ranks are the steepest slope angle rank (>60°, class 60), the most rugged slopes base on curvature (<−2 and >2, class 1), the nearest distance from the epicenter (<5 km, class 1), the nearest distance from the Yingxiu-Beichuan surface fault rupture rank (<2 km, class 1), the highest PGA value (1.30 g, class 31), the maximum seismic intensity (XI, class 5), and the largest coseismic total surface displacement (>5.5 m, class 23). For the lithology, a discrete factor, orders of the 20 classes effect on landslide occurrence, was based on the LAP and two LND values. The cumulative percentage area curves for lithology are constructed by ordering from 1 to 20 the LAP and two types of LND (as shown in Fig. 14) . The area under the cumulative curve (AUC) is used as the contrast factor to compare the effects on landslide occurrence.
The comparison of the LAP and two LND AUC values, as shown in Table 4 , of the eight impact factors revealed that PGA and seismic intensity have the most significant effects on earthquake-triggered landslides. The LAP and AUC values' descending order of the eight impact factors are PGA > seismic intensity > lithology > distance from the Yingxiu-Beichuan surface fault rupture > surface displacement > slope angle > distance from the epicenter > slope curvature. The two groups of LND AUC values' descending order of the eight impact factors are seismic intensity > PGA > distance from the Yingxiu-Beichuan surface fault rupture > lithology > surface displacement > distance from the epicenter > slope angle > slope curvature. The AUC values of the LAP and two types of LND revealed a generally similar order for the eight landslide controlling parameters. Seismic parameters including the PGA and seismic intensity had the most significant effect on landslide occurrence, followed by the geologic parameter (lithology). The topographical parameters, such as slope angle and slope curvature, had minimal effect on the landslide concentration. Analysis and discussions As stated by Keefer (2002) and Harp et al. (2011a) , a highly accurate and complete landslide inventory is an essential component of seismic landslide hazard analysis. In the following text, some qualitative comparisons between our results and previously published results were made. In this paper, 196,007 landslides, with an area of 1,150.622 km 2 , were used to perform seismic landslide spatial analysis, which can be compared with the 56,000 landslides, with a total area of approximately 811 km 2 , studied by Dai et al. (2011) ; the nearly 60,000 landslides studied by Gorum et al. (2011) ; and the 11,306 landslides studied by Huang and Li (2009) . The number and area of the new (nearly) complete landslide inventory is approximately 350 and 142 % of the results from Dai et al. (2011) , approximately 327 % of the results from Gorum et al. (2011) , and approximately 1,734 % of the results from Huang and Li (2009) based on the number of landslides. Therefore, there is a large difference between the new inventories and these previously published papers, especially the point inventories. Huang and Li (2009) produced the landslide inventory only for emergency investigation. The inventory of landslides triggered by the Wenchuan earthquake from Dai et al. (2011) did not cover the entire earthquaketriggered landslide affected area because some areas lacked (highresolution) remote sensing images. Therefore, in our opinion, these landslide inventories are incomplete.
The LAP and two types of LND values in each class of all the controlling parameters based on the new database were much higher than the previous results (e.g., Dai et al. 2011; Gorum et al. 2011) . A detailed comparison of the relative relationship among different classes of each controlling parameter was also performed. For the relation between elevation and landslide occurrence, in this paper, the most concentrated landslide areas were located between 1,200-and 3,000-m elevation relatively compared with the 750 -to 1,500-m elevation range cited in our original landslide inventory (Dai et al. 2011 ). In our opinion, this result occurred because there was no landslide data in some areas around the epicenter. These areas are mainly located at elevations between 1,000 and 3,000 m. In addition, the distance from the epicenter is another obvious difference. Our published paper (Dai et al. 2011 ) revealed a complex correlation between landslide occurrence and the distance from the epicenter of the earthquake, rather than a simple negative correlation, as observed in other reported cases of earthquakes. In contrast, our new results exhibit a good correlation between landslide occurrence and distance from the epicenter, and both the LAP and two LND values decrease rapidly as this distance increases. The statistical results of lithology also show a significant difference; sandstone, siltstone (Z), and granitic rocks exhibit the maximum LAP and LND values from this study; carbonate and igneous rocks exhibit the most landslide concentration according to Gorum et al. (2011) ; and schist (PZ), sandstone, and siltstone intercalated with slate (Є) exhibit the largest LAP and LND values according to our published paper (Dai et al. 2011) . In addition to these results, the statistical results concerning other factors (e.g., slope angle, slope aspect, and distance from the Yingxiu-Beichuan surface fault rupture) demonstrate tendencies similar to those reported in other publications (Dai et al. 2011; Gorum et al. 2011) . The comparisons indicate that some of the results obtained from analyzing incomplete landslide distribution data are not objective. Therefore, it is necessary and important to produce a complete and detailed landslide inventory for subsequent seismic landslide studies. Furthermore, Harp et al. (2011a) also considered the images should ideally meet the following criteria: they (1) must be continuous and span the entire landslide distribution, (2) must have a resolution that allows identification of individual landslides as small as a few meters across, (3) must have stereo coverage or be able to be draped over a digital elevation model to obtain a stereolike perspective view, and (4) must be as cloud-free as possible and be acquired as soon as possible after the earthquake to capture the initial aspects of the landslides and the terrain or infrastructure that they affect. Although a huge number of 197,481 landslide polygons are present in our new inventory, it is more appropriate considering that it is a nearly complete landslide inventory rather than a strictly complete inventory because large areas are affected by the earthquake and a large number of landslides occurred. It is very difficult to obtain a rigorously complete landslide inventory following the landslide inventory criteria and mapping criteria (Harp et al. 2011a) for several reasons such as: commercially based satellite imagery with resolutions of less than 1 m is often expensive, the rapid access to high resolution satellite imagery in a large area several days after the earthquake is rather difficult, and the weather is often cloudy in the Wenchuan earthquake struck area. Therefore, strictly speaking, we have failed to obtain complete coverage of landslide distributions triggered by the 2008 Wenchuan earthquake. In our opinion, the three landslide inventories are nearly complete and sufficient to perform objective seismic landslide spatial distribution and hazard analyses, as stated in Harp et al. (2011a) .
Conclusions
In conclusion, we mapped 197,481 landslide polygons from visual interpretation of aerial photographs and satellite images and by selected field verification. Three nearly complete inventories were constructed, including landslide polygons, landslide centroid points, and landslide top points. Density maps of the landslide areas and numbers (centroid) were constructed. Most of the landslides were observed to be concentrated along the YingxiuBeichuan surface fault rupture, and most of the landslides occurred on the hanging wall. Landslide occurrence exhibits a continuous correlation (positive or negative) with slope angle, slope curvature, distance from the epicenter and the Yingxiu-Beichuan surface fault rupture, PGA, seismic intensity, and coseismic surface displacement. The highest LAP and LND values occurred at elevations ranging from 1,200 to 3,000 m. The landslides have preferred orientations, dominated by the eastern, southeastern, and southern directions. The sandstone, siltstone (Z), and granitic rocks experience more concentrated earthquake-triggered landslides. No obvious correlations were observed between LAP and the two LND values, and the slope position. The results of the bivariate statistical method for comparison of the effect of several factors on landslide occurrence revealed the following descending order of the 2008 Wenchuan earthquake-triggered landslide impact factors: PGA > seismic intensity > lithology > distance from the Yingxiu-Beichuan surface fault rupture > surface displacement > slope angle > distance from the epicenter > slope curvature according to the LAP values. According to the LND values, we observed that the effect of the impact factors descended in the following order: seismic intensity > PGA > distance from the Yingxiu-Beichuan surface fault rupture > lithology > surface displacement > distance from the epicenter > slope angle > slope curvature.
